This work reports on synthesis of zinc oxide/reduced graphene oxide (ZnO/rGO) nanocomposites in the presence of diethylenetriamine (DETA) via a facile microwave method. The X-ray diffraction (XRD) patterns of the nanocomposites correspond to the ZnO hexagonal phase wurtzite structure. The high-resolution transmission electron microscopy (HRTEM) images revealed that the ZnO nanorods, with an average length : diameter ratio of 10, were successfully deposited on the rGO sheets. Under the irradiation of sunlight, the nanocomposites showed enhanced adsorption-photocatalysis by more than twofold and photocurrent response by sixfold compared to the ZnO. The excellent photoactivity performance of the nanocomposites is contributed by smaller ZnO nanorod and the presence of rGO that acts as a photosensitizer by transferring electrons to the conduction band of ZnO within the nanocomposite during sunlight illumination.
Introduction
Direct discharge of pigments and dyes by textile industries into waters endangers the aquatic lives. The colours block the sunlight from passing through the water, causing disturbance to the natural growth cycles of the living organisms in the waters. The heavy metals and organic and inorganic complexes used in the making of pigments and dyes are highly toxic and will accumulate in the fat deposits of large fishes which will be consumed by organisms in the higher order on land. Conventional biological treatments are only effective to adsorb the dye, causing secondary pollution [1, 2] .
Photocatalysis is a method used to eliminate organic compounds in wastewater by mineralizing them into the simplest compounds like water and carbon monoxide. Semiconductor photocatalysts have been studied extensively because of favorable combination of electronic structure, light absorption properties, and charge transport characteristics. ZnO has been known as a suitable alternative to TiO 2 because of its strong oxidizing power, nontoxicity, and being relatively inexpensive. Its wide band gap (3.37 eV) and higher electron mobility hamper its use as a photocatalyst [3] [4] [5] [6] .
In an effort to improve the photocatalytic efficiency of ZnO, it has been doped, loaded, and combined with metals, nonmetals, and semiconductors [7] [8] [9] [10] . Recently, researchers are astounded with graphene because of its unique electronic properties and large theoretical specific surface area. These properties make graphene a good candidate for combination with the ZnO because graphene's pristine mechanical performance stabilizes catalysis and offers a two-dimensional plane to deposit catalyst [11] . Transport through delocalized conjugated structures allows charge carriers in graphene to achieve high mobility and relatively slow charge recombination. Attempts to fabricate ZnO/rGO composite have been reported to obtain superior properties [12] [13] [14] [15] . In photocatalysis, ZnO can act as a photocatalyst while graphene 2 International Journal of Photoenergy acts as an electron-acceptor/transport material to facilitate the migration of photogenerated electrons and hinder the electron-hole recombination [16, 17] . Besides that, it has also been known to be an excellent adsorber for organic compounds [18] .
In this work, a microwave approach was used to synthesize ZnO/rGO. Microwave radiation provides a fast and uniform heating rate that can cause rapid particles nucleation and growth which can reduce the reaction time, and therefore it can save a large amount of energy [19] . Diethylenetriamine (DETA) plays a role as a stabilizer by controlling the final morphology of the samples [20] . The defects in graphene oxide act as heterogeneous active sites for the nucleation and growth of ZnO particles [21] . The adsorption and photodegradation of methylene blue (MB) and photocurrent of the ZnO/rGO nanocomposites were investigated. Photocurrent is evidence to demonstrate the behavior of charge carriers within the samples under irradiation which can be correlated with the photocatalytic activity [22] . Under stirring, the zinc solution was added dropwise into GO solution at a rate of a drop per 5 sec followed by 0.09 M NaOH until reaching pH value of 12 and stirred for 13 h. The mixture was then placed in a microwave and treated for 30 min. After letting it cool at room temperature, the precipitates were washed three times with distilled water and finally dried in oven at 60 ∘ C for 24 h. Three kinds of composite obtained with different GO loadings, 0.2, 0.7, and 1.5 wt% GO gel, were named as ZG3, ZG2, and ZG1, respectively. ZnO was synthesized using the similar procedure. For comparison purpose, composite without DETA was also prepared using the similar procedure and named as ZG.
Experimental

Characterizations.
The structure and morphology of the samples were characterized by X-ray diffractometry (XRD) Philips D5000 using CuK radiation ( = 1.4506Å), field emission scanning electron microscope (FESEM) JSM-7600F, and high-resolution transmission electron microscope (HRTEM) JEM-2100F. Ultraviolet-visible absorption spectra were recorded using UV-vis spectroscopy Thermo scientific Evolution 300. Raman spectra were recorded using a Renishaw inVia Raman microscope system.
Photocatalytic Experiments.
The photocatalytic properties of the samples were evaluated by photodegradation of MB solution under natural sunlight. In every experiment, 5 mg of photocatalyst was exposed to natural sunlight under magnetic stirring in 10 mL of 5 ppm MB. Prior to irradiation, the suspensions were stirred in the dark overnight to achieve a saturated adsorption between the photocatalysts and MB molecules. The loaded samples were used repeatedly, and each cycle lasted for 2 h. Before the next cycle, the remaining solution was replaced with fresh MB solution. Tow mL solution was withdrawn every 20 min, and the concentration of MB solution was measured within 450 nm to 750 nm using a UV-Vis spectrometer. The change of relative absorbance was used to record the change of concentration of MB solution, that was Ct/Co (Ct referred to the concentration of MB solution at time and Co referred to the concentration of MB solution at initial time). All experiments were repeated six times.
Photocurrent Preparation.
To investigate the transition of photogenerated electrons before and after the rGO loading, ZnO and ZnO/rGO electrodes were prepared as follows: 0.5 mg of the as-prepared photocatalyst was mixed in distilled water to produce slurry form, which was then smeared onto a 1 cm × 1 cm indium-tin oxide (ITO) glass using doctor blade's method. The coated ITO glass was dried in the oven at 60 ∘ C for 24 h. All investigated electrodes were of similar mass and exposed area.
The photocurrents were carried out using a VersaSTAT 3 potentiostat (Ametek Princeton Applied Research, Oak Ridge, TN). A solar light simulator Oriel Instrument was used to simulate sunlight under one sun AM 1.5 G with the measured light irradiance of 100 mW cm −2 provided by a 150 W xenon light source. A conventional three-electrode cell with working electrode (as-prepared photocatalyst), a platinum wire as counter electrode, an Ag/AgCl (in 3 M KCl) as reference electrode, and 1 M KCl as electrolyte was used. The photoresponse of the photocatalysts as light on and off were measured at 0.5 V. Figure 1 shows the XRD patterns of ZnO, ZG1, ZG2, ZG3, rGO, and GO. All the diffraction peaks of ZnO are consistent with the hexagonal phase wurtzite structure (JCPDS number 80-0074). The peak (002) of GO at 11.1 ∘ is ascribed to the introduction of oxygenated functional groups attached on both sides and edges of carbon sheets [23] . Meanwhile, the diffraction peaks of the nanocomposites are similar to those of ZnO. The disappearance of the GO peak suggests the complete exfoliation of GO due to the insertion of ZnO particles [24] . No diffraction peak of rGO can be observed in the nanocomposites, which might be due to the low amount and the extensive exfoliation of rGO. The reduction of GO is confirmed by the appearance of small bumps at 29 ∘ and 44 ∘ , indicating the removal of a large number of oxygen-containing groups and the formation of much more disordered graphene sheets [25] . No other peak of impurity is detected. Figure 2 shows the UV-Vis absorption spectra of ZnO, ZG1, ZG2, ZG3, rGO, and GO. The spectra of GO exhibit a maximum absorption peak at 230 nm, corresponding to the → transition of the aromatic C-C bonds [26] . After the reduction of the GO, the absorption peak had red-shifted to 265 nm, indicating restoration of conjugation within the rGO sheets [27] . The ZnO shows an absorption peak at 360 nm which can also be observed in the nanocomposites which suggests the presence of ZnO nanostructures [28] . Besides, the red shift of the ZnO absorption edge in the nanocomposites is ascribed to the chemical interaction between ZnO and rGO [29] . Comparing ZG1, ZG2, and ZG3, the relative intensity of the carbon peak (∼265 nm) increases with rGO loading in the nanocomposites. The presence of both carbon and ZnO can be confirmed from the Raman spectra. In Figure 3 , the spectrum for ZnO displays a peak at 330 cm −1 which is assigned to the secondorder Raman spectrum arising from zone-boundary phonons of hexagonal ZnO. The intense peak at 440 cm −1 corresponds to 2 (HI) mode, which is the characteristic peak of the hexagonal wurtzite phase ZnO. The peak at 582 cm −1 is assigned to 1 (LO) mode, attributed to oxygen deficiency defects in ZnO [30] . The peak at 1130 cm −1 is due to the multiple-phonon scattering processes [31] . The intensity of these peaks is reduced in composites as compared to that in ZnO due to the interaction between ZnO and rGO.
Results and Discussion
The similar G and D band (where G peak refers to the presence of sp 2 carbon-type structure and D peak refers to the presence of disorder in the graphene structure [32] ) for rGO and nanocomposites suggests that the structure of rGO is maintained in the composites. The D/G intensity value of the nanocomposites (0.99) increased compared with that of the GO (0.91) and rGO (0.96). The nanocomposite exhibits the highest D/G value due to the increasing disorder of sp 2 contributed by the presence of ZnO in the composites [33, 34] . Compared with rGO, the D band was blue-shifted by 4 cm −1 while the G band was blue-shifted by 10 cm −1 in nanocomposites. These shifts are attributed to the chemical interaction between ZnO and rGO [35] . treatment [36] . Notice that the nanocomposite shows higher intensity on the second peak compared to ZnO, indicating an increased density of oxygen vacancy on the ZnO surface. Oxygen vacancy could act as an electron trap that could hinder the electron-hole recombination and in turn could help in effective photocatalytic degradation [37] .
As shown in Figure 5 , individual ZnO and ZnO in the nanocomposites are rod-like with an average diameter and length of 100 nm and 1 m, respectively. The nanocomposite in the absence of DETA (Figure 5(c) ) shows that the size of the ZnO nanorod is bigger compared to the nanocomposite with DETA ( Figure 5(b) ). This is due to the interaction between Zn 2+ with DETA that formed Zn-DETA complex. The Zn-DETA complex hindered the fast reaction of Zn 2+ with OH − , forming ZnO nanorods with smaller diameter [38] . Figure 6 revealed that, for ZnO, the nanorods apparently originate from a centre, forming flower-like morphologies. Meanwhile, the ZnO rods are distributed on the surface of rGO for all the nanocomposites, confirming the interaction between ZnO and rGO. The average diameter of the ZnO nanorods in the nanocomposite is slightly decreased with increasing rGO content due to the higher number of reaction sites provided by the GO that inhibited the agglomeration of ZnO particles [39] . The smaller size of the ZnO in the nanocomposites provides larger effective surface area in the enhancement of photocatalytic activity [40] . The crystal lattice fringes (Figure 6 (e)) with a d-spacing of 0.26 nm can be assigned to the (002) plane of hexagonal ZnO [41] .
Photocatalysis
Adsorption of the dye is an important parameter in determining the photodegradation rate. To distinguish the functions of the adsorption of rGO and photocatalysis of ZnO, the suspension was stirred overnight in the dark to reach the saturated adsorption of MB before illumination.
Based on Figure 7 (a), the ZnO shows 3% of MB adsorption. When rGO is introduced to ZnO, the adsorption rate increased to 45.7%, 64.9%, and 82.3% for ZG3, ZG2, and ZG1, respectively. The enhancement of MB absorption increased with increasing proportion of rGO in the nanocomposites which is attributed to the -stacking interactions between MB and rGO [42] . In Figure 7 (b), the degradation rates for blank (without photocatalyst) ZG, ZnO, ZG3, ZG2, and ZG1 are 12%, 25%, 39.4%, 63.5%, 75.4%, and 94.8%, respectively. The observed enhanced photocatalytic activity by the nanocomposites is largely attributed to the smaller diameter of the ZnO nanorod providing larger effective surface area that improves the absorbance of MB and the presence of rGO that acts as a photosensitizer. rGO is photoexcited by sunlight and transfers electrons to the CB of ZnO, raising the concentration of electrons leading to dye degradation [43] .
The stability of photocatalyst during photocatalysis is a crucial factor for practical application. The reusability of ZG1 in photodegradation of MB is tested by repeating the photocatalytic experiment for six cycles after the completion of the photocatalytic experiment shown in Figure 7 . In Figure 8 and degraded by ZG1 for each cycle. ZG1 does not exhibit any changes in morphology even after the sixth cycle, revealing that it is photostable (Figure 8(b) ).
Photocurrent.
All the nanocomposites exhibit much higher photocurrent intensity than ZnO, where the photocurrent of ZG1 is about eight times higher than that of ZnO ( Figure 9 ). The photocurrents are 6.0 A cm −2 , 7.5 A cm −2 , 11.0 A cm −2 , 17.5 A cm −2 , and 24.7 A cm −2 for ZnO, ZG, ZG3, ZG2, and ZG1, respectively. The generated photocurrent increased with the increase of the concentration of rGO, attributed to the extra electrons injection from the excited rGO within the nanocomposites under illumination [44] .
These results are in agreement with the photocatalysis results (Figure 7(b) ), where the rGO is photoexcited by sunlight, increasing the amount of electrons in the nanocomposite. This also shows that the nanocomposite could be applied as photoelectrochemical material for light-induced hydrogen evolution as photoinduced electrons and holes can participate in a redox reaction.
Conclusions
ZnO/rGO nanocomposites were successfully synthesized via a facile microwave method in the presence of DETA. The stability of coordination structure between Zn plays an important role for the final morphology of the ZnO and ZnO/rGO nanocomposites. The adsorption and photocatalytic activities of the nanocomposites are dependent on the proportion of rGO loading in the samples. The nanocomposites outperformed ZnO due to synergistic effects of smaller ZnO nanorod and the presence of rGO that acts as a photosensitizer during sunlight illumination. It is also evident that the nanocomposite is stable as it displays consistent recycling for up to six runs. The nanocomposites show significantly higher photocurrent response than ZnO, which is in agreement with the photocatalysis result, which manifest the possibility of using the nanocomposite for real application in wastewater treatment.
